A current distribution method based on Gaussian process is proposed in this paper. This method can improve the accuracy of current distribution of induction motors for electric vehicles in whole speed range, and achieve high-performance output torque. First, a vector control system based on current distribution model is designed based on control requirement analysis of induction motor. Second, the mathematical model of output torque and current is established. And the current distribution law of the optimal electromagnetic torque under various operating conditions is qualitatively analyzed. Third, the experimental platform is built to obtain the discrete data of current distribution in whole speed range and the rotor time constants at different temperatures. Finally, the Gaussian process is introduced to establish the regression model based on current discrete data. The regression model distributes the current reasonably and accurately, which is embedded in the control system. Experimental results verify the effectiveness of the proposed method.
I. INTRODUCTION
Electric vehicles have attracted much attention for their higher energy efficiency and lower emissions, compared with traditional vehicles. Permanent magnet synchronous motor (PMSM), switched reluctance motor (SRM), and induction motor are popular candidates for electric vehicles [1] - [3] . The induction motor has the advantages of simple structure, high reliability and low cost [4] - [7] . Thus, the induction motor are promising for electric vehicles. The operation complexity of induction motors for electric vehicles is higher than ordinary motors, which usually requires a wide speed range [8] , [9] . In whole speed range, the perfect motor control performance requires excellent output torque. In motor control system, the output torque is directly related to the dq-axis distribution of stator current, which is limited by the output capability of voltage source and inverter [10] . Therefore, how to distribute current reasonably and accurately under limited conditions becomes the key to achieve high-performance output torque in whole speed range.
Considering the complexity of motor operating conditions, the operating conditions are usually divided into low-speed region and flux-weakening region based on the speed. In the low-speed region, the main current distribution methods are the traditional current distribution method and the maximum torque per ampere (MTPA) control method. The traditional current distribution method typically gives the optimal d-axis current to form a stable flux linkage, according to the factors of magnetic saturation and efficiency [11] - [14] . This method can promote the dynamic response. However, the d-axis current in this method is constant. The stator current is not fully utilized to maximize the output torque. Under large load conditions such as uphill, the output torque may be insufficient. The MTPA control method is an improved vector control method [15] - [17] . It can obtain large electromagnetic torque at the same stator current to cope with heavy load. However, the d-axis current changes with the torque variation, which leads to poor dynamic response. Both current distribution methods have their own advantages and shortcomings, but few references incorporate the advantages of the two methods. Furthermore, the induction motor is a multivariable, nonlinear, strong coupling system. There are several nonlinear system control methods, such as the neural network control, state feedback control, sliding mode control [18] - [21] . In [18] , a novel control scheme combining the inverse system method and the internal model control is presented for effectively enhancing the control accuracy and dynamic performance of a permanent magnet synchronous motor (BPMSM). In [19] , a novel method of speed-sensorless vector control for a bearingless induction motor (BIM) based on artificial neural network (ANN) inverse method is proposed. It effectively rejects the influence of speed detection on system stability and precision for a BIM. In [20] , the model predictive torque control (MPTC) method is employed to control in-wheel motor and the high-speed motor. It improves the ability of MPTC in dynamic response. In [21] , an optimal control strategy for a permanent-magnet synchronous hub motor (PMSHM) drive using the state feedback control method plus the grey wolf optimization algorithm is presented. The control strategy shows the superiority in fast response. In brief, the motor control performance is improved in these nonlinear control methods. However, these methods require high accuracy of motor parameters, and the structure of the control system is complicated.
In flux-weakening region, the output torque will decrease with the increase of speed. Hence, the current distribution method usually needs to maximize the electromagnetic torque, in order to extend the operating speed range. The main current control methods used in the flux-weakening region are: the 1/ω r method, the model-based method, and the voltage closed-loop control method. The 1/ω r method has reduced dependence on the motor parameters and simple operation process. However, the dq-axis currents can hardly satisfy the requirement of maximum output torque in fluxweakening region. The model-based method accurately calculates the current distribution value to achieve the optimal control effect, according to the motor mathematical model [22] , [23] . However, this method is sensitive to machine parameters, and obtaining an accurate motor model is difficult. In the voltage closed-loop control method, the dq-axis currents are distributed reasonably to control motor, through the voltage detection to judge the motor operation status [24] , [25] .
Current distribution methods in the whole speed range are usually derived from voltage closed-loop control methods [26] - [29] . These methods mainly optimize current distribution to maximize the output torque in the flux-weakening region. However, the high dynamic torque response and the requirements of the maximum output torque in the low-speed region are not considered simultaneously. Moreover, these methods depend on the accuracy of machine parameters. They have poor robustness.
In order to alleviate the aforementioned problems, a current distribution method based on Gaussian process is proposed to distribute the current of inductions motors for electric vehicles with high precision in the whole speed range, and achieve high-performance output torque. In order to control the motor better, the vector control system based on current distribution model is designed. Then, based on the mathematical model, the optimal current distribution law in whole speed range is analyzed. However, the optimal current distribution law cannot be strictly followed due to the motor nonlinearity. Therefore, the discrete data of current distribution and the curve of rotor time constant varying with temperature are obtained by motor driving experiment. And the sample database was established for current distribution in actual motor operation. In addition, Gaussian process is introduced to establish the regression model of current discrete data, which is used to predict the current distribution value at non-measurement points. It improves the accuracy of current distribution. In the end, the experimental results verify the effectiveness of the proposed method. 
II. ANALYSIS OF CURRENT DISTRIBUTION A. CONTROL SYSTEM BASED ON CURRENT DISTRIBUTION MODEL
In the traditional vector control system, the flux current is given as a constant value. Thus, the control system can only operate below base speed. As the induction motor for electric vehicles, it needs a wide speed range. Hence, the fieldweakening control methods are needed to reduce the d-axis current in order to achieve a wide speed range. In this paper, a vector control system based on current distribution model is designed to achieve wide range speed regulation and accurate output currents, as shown in Fig. 1 .
The control effort of the control system mainly depends on the current distribution module. According to the motor control requirements, the input values such as speed and torque are given. Then, the current distribution model can distribute the current based on the input values to achieve high-performance motor control. In order to determine the optimal current distribution model, the general rules affecting current distribution and electromagnetic torque should be analyzed through the motor operating conditions.
B. CURRENT DISTRIBUTION IN WHOLE SPEED RANGE
In the rotor field-oriented, control-based induction motor model in synchronous frame, the two equations describing the stator voltage are
The equation of electromagnetic torque can be represented as
Equation (2) shows that the electromagnetic torque is proportional to the product of d-axis current and q-axis current. The higher the current, the greater the torque. However, the current distribution is limited by the maximum voltage of the voltage source and the maximum current of the inverter, which is expressed as To optimize electromagnetic torque in (2), it is necessary to distribute the current according to the motor operation requirements in whole speed range. The current distribution method is represented by the current distribution flow chart shown in Fig. 2 .
In the low-speed region, two current distribution methods are adopted according to the different demand torques. In the traditional current distribution method, the dq-axis currents are basically unchanged. The MTPA control method keeps the d-axis current and the q-axis current basically equal when the speed is low, in order to obtain the maximum output torque. With the increase of speed and the deepening of magnetic saturation effect, the current distribution no longer follows the law of equal dq-axis currents. At this time, the d-axis current decreases with the speed. But the q-axis current increases with the speed. Finally, the current value of the MTPA control method is consistent with the value of the traditional current distribution method at rated speed. The two methods realize the smooth transition of current in low-speed region and flux-weakening region. The current distribution curves in whole speed range are shown in Fig. 3 (a) and (b), respectively.
According to the current distribution method shown in Fig. 2 , the ideal output torque can be obtained to meet the motor needs in whole speed range. This current distribution method is called an improved voltage closed-loop control method. However, the actual current distribution can not strictly follow the current distribution. The output torque is difficult to reach the ideal state because of nonlinearity of motor. Therefore, the accurate dq-axis currents are measured through motor experiment in this paper, in order to improve the accuracy of current distribution covered full speed range. Then it is used for current distribution in actual operating conditions. 
III. CURRENT DISTRIBUTION EXPERIMENT
In order to obtain the accurate dq-axis currents in whole speed range, experiments were carried out on a self-built platform. The induction motor is used as the experimental object, as shown in the following Fig. 4 . The machine parameters are given in Table 1 .
The experiments keep the motor temperature at 85 • , and the selected speed range is 0 to 7600 r/min. The maximum load which the motor can drive at each group speed is measured. Then, the load is gradually reduced at a certain interval. The dq-axis currents and other machine parameters are measured under different speeds and loads. The experimental current distribution table is obtained as shown in Table 2 . The maximum output torque and dq-axis currents of two current distribution methods in whole speed range are also obtained, respectively, as shown in Figs. 5 and 6. From Fig. 5 , the maximum output torque is the biggest at low speed. The q-axis current increases with the speed to the rated speed, and then decreases. However, the d-axis current and torque decrease gradually with the increase of speed. In Fig. 6 , the dq-axis Through experiments, the accurate currents in whole speed range can be obtained. However, in the improved closed-loop voltage control method, the accuracy of current distribution is affected by the motor nonlinearity. Therefore, the current values based on the experimental measurement are closer to the current values in actual operation. Furthermore, the temperature will change during the motor operation. The mutual inductance, rotor resistance and other machine parameters will vary with the temperature. The variation of machine parameters could cause the deviation of rotor field orientation angle, and affect the output torque. The expression of rotor field orientation angle is as follows
Equation (5) shows that the rotor field orientation angle is only related to the rotor time constant T r when the motor speed and current are measured accurately. T r is affected significantly by the temperature variation. In this paper, T r at different temperatures can be measured through the load experiments. The temperature curve of the rotor time constant is shown in Fig. 7 . The control system varies the time constant of the rotor in real time with the temperature variations, which can improve the accuracy of the rotor field orientation angle and optimize the output torque.
From the analysis above, it can be seen that the current distribution data obtained from the experiment is more accurate, but the number of current distribution data is limited. Hence, it is difficult to determine the current distribution values at non-measurement points. For solving the problem, the Gaussian process is introduced to predict the current distribution values of non-measurement points to realize the continuity of current distribution.
IV. CURRENT DISTRIBUTION BASED ON GAUSSIAN PROCESS REGRESSION MODEL A. EATABLISHING GAUSSIAN PROCESS REGRESSION MODEL
From the aspect of motor, the dynamic performance is closely related to electromagnetic torque and speed, which are most critical parameters in judging the motor operating state. Other parameters, such as flux, temperature, and mutual inductance, can only be taken as dependent variables affected by torque and speed. The relationship among electromagnetic torque, speed, and dq-axis currents is shown as follows
The experimental current distribution values are discrete and the number of current measurement points is limited. For the current distribution of non-measurement points, the look-up table method is usually used to predict the dq-axis currents. The structure diagram based on look-up table method is presented in Fig. 8 . The module in Fig. 8 is embedded in the motor control system in Fig. 1 . Then, the dq-axis currents can be assigned according to the given torque and speed. When the given torque and speed are at nonmeasuring points, the look-up table method needs to take the corresponding value under the linear line fitting, based on two adjacent points of the torque and the speed in the actual data. However, the induction motor is a multi-coupled, nonlinear system. The current distribution between the two adjacent points cannot meet the trend of linear change. When the dq-axis currents are predicted continuously, the errors between the predicted currents of the look-up table method and the actual currents will lead to larger torque ripple. Furthermore, it can also affect the stable operation of the vehicle.
As a machine learning algorithm, Gaussian process has a good regression prediction ability. According to the current data obtained from the experiment, the dq-axis currents can be predicted for motor operation. The current distribution model based on Gaussian process is demonstrated in Fig. 9 , which is embedded in the control system to realize current distribution.
The most important consideration in the regression prediction of the Gaussian process is to select appropriate covariance functions. This study considers three common covariance functions: square exponential (SE), Matern class (Matern), and rational quadratic (RQ) covariance functions. 1) Squared exponential covariance function
2) Matern class of covariance function
3) Rational quadratic covariance function
The current discrete data obtained from experiments are divided into two parts: the low-speed region and the fluxweakening region. Owing to the different analytical relations of current distribution between the two regions, the regression accuracy can be improved through partitioning. The flow chart of the Gaussian process regression model is presented in Fig. 10 .
B. ANALYSIS OF GAUSSIAN PROCESS REGRESSION MODEL
Reasonable evaluation index plays an important role in evaluating the prediction results. Two evaluation indicators, namely, root mean square error (RMSE) and mean absolute percentage error (MAPE), are used in this study. The smaller the values of the two evaluation indicators are, the more accurate are the predicted values are.
1) LOW-SPEED REGION
According to (10) and (11), the RMSE and MAPE of the d-and q-axis currents are obtained, as shown in Table 3 . It can been seen that the regression prediction errors of the dq-axis currents in the low-speed region are the smallest when the kernel function is chosen as SE. The RMSE values of the d-and q-axis currents are 1.0286e-5 and 21.2101, respectively. The MAPE of the d-and q-axis currents are 1.3873e-7 and 0.0362, respectively. Fig. 11 shows the prediction results of current regression when the SE covariance function is selected as the kernel function. It can be seen that the current error between actual data and predicted data is less than 2%, which can meet the accuracy requirements of current prediction. 
2) FLUX-WEAKENING REGION
Similar to the operating steps in the low-speed region, the RMSE and MAPE of the dq-axis currents in the fluxweakening region are shown in Table 4 . It shows that the regression prediction results of the d-and q-axis currents in the flux-weakening region have the smallest error, when the Gaussian process kernel function is selected as the Matern. Fig.12 shows the results of current regression prediction when the Matern covariance function is selected as the kernel function. The current errors between the actual value and the predicted value are also less than 2%. Therefore, the regression effect meets the actual demand.
In summary, through error comparison of the prediction results, the SE covariance function is chosen as the kernel function in the low-speed region, and the Matern covariance function is selected as the kernel function in the fluxweakening region. The current error is the smallest. And the errors between the predicted and measured current distributions are within 2% in whole speed range. This shows that the Gaussian process can meet the requirements of accurate current distribution under the setting speed and torque of non-measuring points.
V. CONTRAST EXPERIMENT
Experimental investigations are conducted on a laboratory induction motor drive system to validate the proposed current distribution method based on Gaussian process. The control VOLUME 7, 2019 chip used in this experiment is DSP28335. The motor experimental test setup is presented in Fig. 4 . The motor parameters are shown in Table 1 .
A. MAXIMUM LOAD CAPABILITY EXPERIMENT
In order to verify the proposed method to improve the maximum output torque in steady state, 38 sets of motor speeds were selected from 100r/min to 7500r/min at 200 r/min intervals. The motor maximum load was measured at each set of speeds. The experimental result is presented in Fig. 13 . From Fig. 13 , the trajectories of Gaussian process method and lookup table method coincide basically in low-speed and fluxweakening region, but the load capacity of Gaussian process method is slightly higher. Due to the influence of motor nonlinearity, the maximum load capacity of the improved closed-loop voltage control method is significantly lower than the look-up table method and Gaussian process method. The experiment shows that the current distribution method based on Gaussian process optimizes the current distribution and improves the maximum torque output capability of the motor.
In order to verify the steady-state output torque accuracy, the given torque and actual torque measurement experiments are required. In the experiment, the motor runs at different speeds, and the given torque starts at the initial value of 40 Nm. Then, the given torque increases gradually at a distance of 40 Nm until the maximum load is reached. Fig. 14 is the experimental result. In Fig. 14, the deviation between the measured torque and the given torque is very small by using the proposed current distribution method. The results show that the proposed method has high torque control accuracy at different speed and given torque.
B. STABILITY AND MOTOR EFFICIENCY COMPARISON
To verify that the proposed method can reduce the torque ripple, so that the motor operation is more smoothly than the look-up table method. The torque ripple coefficient is introduced as the evaluation criterion. The direct measurement method is used to obtain the torque ripple coefficient. The induction motor is controlled to drive the load to rotate continuously in the operating range. The maximum and minimum torques of the motor during one week of operation are measured using the torque sensor. The torque ripple coefficient K is calculated as follows:
A comparison table of torque ripple coefficient is presented in Table 5 . It can be seen that the torque ripple coefficient of the current distribution based on the Gaussian process is smaller than look-up table method. The results show that the proposed method can distribute the current more accurately at non-measuring points and achieve a smooth transition. Thus the proposed method reduces the torque ripple caused by the inaccurate current distribution. Fig. 15(a) and (b) show the motor efficiency comparison chart at 80 Nm and 160 Nm, respectively. As can be seen from Fig. 15(a) , the motor efficiency is higher near the rated speed than low speed and high speed. In Fig. 15 , the motor efficiency using Gaussian process method is improved under different torque loads. The experimental results indicate that the motor efficiency is risen, because the current distribution accuracy is improved.
C. STEP RESPONSE EXPERIMENT
The control system in this paper distributes the current through the given speed and torque. It does not need to adjust the motor state through the current loop and speed loop, thus the response speed is faster. In order to verify that the proposed method has better dynamic response than the improved closed-loop voltage control method, speed and torque step response experiments are carried out.
In the speed step response experiment, the motor speed rises from static state to 2000 r/min and 6000 r/min, respectively. The load torque is 5 Nm. The speed and time trajectories of the motor are shown in Fig. 16 . Form Fig. 16(a) , the time of Gaussian process method reaching 2000 r/min is the fastest, which is 0.12s. In Fig. 16(b) , the shortest time to reach 6000r/min is 0.20s. The results show that the proposed method has faster current dynamic response than the look-up table method and the improved closed-loop voltage method, which makes the response speed faster. In the torque step response experiment, the motor is controlled to run without load at 2000 r/min and 6000 r/min speed, respectively. When the motor is stabilized, the given torque command is changed to 10Nm and 20Nm, respectively. The experiment results are shown in Figs. 17 and 18 . It is obviously seen from Figs. 17(a) and 18(a) that the proposed Gaussian process method can make the motor speed reach stable state faster, when the torque command changes abruptly. It can be seen from Figs. 17(c) and 18(c) that when the torque command varies, the q-axis current of the proposed method can change more rapidly. The output torque can also reach the given torque faster in Figs. 17(d) and 18(d) . Thus, the response speed of the motor is improved. At different speeds, the d-axis current is almost unchanged when the torque command changes. It meets the expectation of the current distribution analysis mentioned above.
D. ROBUSTNESS EXPERIMENT OF MOTOR
From the aforementioned theoretical analysis, it can be seen that the temperature rise during the motor operation will lead to the motor parameters variation, and affect the motor operation. In order to enhance the robustness of the proposed method, the rotor time constant is changed in real time. It improves the accuracy of rotor field orientation and optimize the output torque. It can be seen that the temperature variation does have an effect on the output torque from Figs. 19 and 20 . In Fig. 19 , the maximum torque difference under the curve is 4.9 Nm when the speed is 2000 r/min. The maximum torque difference is 5.3 Nm in the 6000 r/min speed. In Fig. 20 , when the speed is 2000 r/min and 6000 r/min, the maximum torque difference of different curves is 11.9 Nm and 12.3 Nm, respectively, which is obviously higher than the maximum torque difference using the proposed method. The results show that the proposed method is robust to parameter variation.
VI. CONCLUSION
In order to improve the current distribution accuracy of induction motors for electric vehicles in whole speed range and achieve high-performance output torque, a current distribution method based on Gaussian process is introduced in this paper based on the measured current distribution discrete data. The findings of this study lead to the following conclusions: 1) In this paper, the current distribution law of optimal output torque is analyzed based on the mathematical model. In addition, the control system is redesigned which distributes the currents directly according to the speed and torque commands. The control system achieves accurate current distribution and has high precision of torque control.
2) The number of current distribution data based on measurement points is limited. In the non-experimental measurement points, the current values are obtained by linear fitting using look-up table method. But this method is easy to cause greater torque ripple. In this paper, Gaussian process is introduced to process the dq-axis currents and then distribute the currents. The proposed method not only realizes the continuity of current distribution, but also reduces the torque ripple.
3) In modeling the Gaussian process regression model, SE and Matern covariance functions are applied as the kernel function in the low-speed and flux-weakening regions, respectively. The selected covariance functions can improve the accuracy of regression prediction. Compared with the look-up table method based and the improved voltage closedloop control, the proposed method not only maximizes the output torque, but also has faster response speed. 4) Temperature change during the motor operation will cause the parameter variation. Parameter variation can cause the magnetic field orientation angle offset, and affect the output torque. The robustness of the output torque in the process of temperature change can be improved by changing the rotor time constant in real time.
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